Abbreviations: qPCR, quantitative polymerase chain reaction.
Th is paper reports on a major study of the incidence of indicator organisms and pathogens found within Class B biosolids within 21 samplings from 18 wastewater treatment plants across the United States. Th is is the fi rst major study of its kind since the promulgation of the USEPA Part 503 Rule in 1993, and includes samples before and after the Part 503 Rule was promulgated. National distributions collected between 2005 and 2008 show that the incidence of bacterial and viral pathogens in Class B mesophilic, anaerobically digested biosolids were generally low with the exception of adenoviruses, which were more prevalent than enteric viruses. No Ascaris ova were detected in any sample. In contrast, indicator organism numbers were uniformly high, regardless of whether they were bacteria (fecal coliforms) or viruses (phage). Indicators were not correlated with pathogen loads. Historic distributions were collected between 1988 and 2006 at one location in Tucson, AZ. By comparing data collected before and after 1993, the infl uence of the USEPA Part 503 Rule on indicator and pathogen levels within Class B biosolids can be inferred. In general, the bacterial indicators total and fecal coliforms decreased from the 1980s to present. Enteric virus concentrations after 1993 are much lower than those reported in other studies in the 1980s, although our values from 1988 to 1993 are not signifi cantly diff erent from our values obtained from 1994 to 2006. Presumably this is due to better and more consistent treatment of the wastewater, illustrating that the Part 503 Rule has been eff ective in reducing public exposure to pathogens relative to 17 yr ago. Th e percent reduction of both indicators and pathogens during anaerobic mesophilic digestion was between 94 and 99% for all organisms, illustrating that such treatment is eff ective in reducing pathogen loads. S ewage sludge is defi ned as "the solid, semisolid, or liquid residue generated during the treatment of domestic sewage in a treatment works." In contrast, biosolids, as defi ned by a National Research Council Committee (2002) that addressed the health eff ects of biosolids, is the term given to the end product that results from treatment of sewage sludge to meet the land-application standards of the USEPA Part 503 Rule (USEPA, 1993) .
Depending on the level of treatment, two classes of biosolids are produced: Class A biosolids (higher level of treatmentprocesses designed to further reduce pathogens), which contain no detectable levels of pathogens in 4 g of dry solids; or Class B biosolids (lower level of treatment-processes designed to reduce pathogens), which routinely contain bacterial, parasitic, and viral pathogens (Table 1) . Approximately 5.5 billion kg (6 million dry tons) of biosolids are produced annually in the United States, of which 60% are used for land application, with the vast majority of it being Class B biosolids (NRC, 2002) .
Th e greatest amount of uncertainty in quantitative microbial risk assessment is due to the lack of data on exposure to pathogens (Haas, 1996) , and to properly assess the risk from land-applied Class B biosolids, it is important to know the number of pathogens in the biosolids after treatment and before land application. A previous framework has been developed for assessing the risks from land-applied biosolids, but data have been sparse on the occurrence of pathogens in biosolids (Eisenberg, 2006) . Th ere have been several published reviews on the potential hazards of human pathogens in biosolids. Of interest is the fact that one review (Straub et al., 1993) was published in 1993 before the promulgation of the USEPA Part 503 Rule (USEPA, 1993) that regulates sewage sludge treatment and land application of the resulting biosolids. A more recent study by Viau and Peccia (2009) quantifi ed genome copies of several pathogens by quantitative polymerase chain reaction (qPCR), but this did not provide data on infectious pathogens (i.e., all of the genomes detected could represent viable or nonviable organisms). However, qPCR data could be used for a worst-case risk assessment, since culturable methods will not detect viable but nonculturable organisms. A recent review by Sidhu and Toze (2009) only contained recent data from countries other than the United States, except for one reference to indicator bacteria and Salmonella removal (Dahab and Surampalli, 2002) . Pathogen loadings and removal processes vary in diff erent countries and are unlikely to represent those found in the United States (Jimenez et al., 2000) . Most of the existing studies on occurrence of viable pathogens in biosolids were undertaken before the Part 503 regulations for treatment of biosolids went into eff ect (Straub et al., 1993) . Before this time there were no requirements or treatment standards, and there was a great deal of variability in treatment processes for biosolids at that time. As a result, data collected before these regulations went into eff ect may not refl ect current levels of pathogens in biosolids in the United States. Th is study presents a large database on the incidence of pathogens and indicators in Class B biosolids, including national and historic distributions. For historic distributions, we monitored pathogens and indicators in Class B biosolids from the Ina Road Wastewater Treatment Plant in Tucson, AZ, on a monthly to quarterly basis for 18 yr (Pima County biosolids 1988 . For national distributions, we analyzed current levels of pathogens and indicators from 21 samplings from 18 wastewater treatment plants from all major regions of the United States. Th is is the fi rst nationwide study of its kind since the USEPA Part 503 Regulations went into eff ect, and provides a comprehensive database on the current incidence of pathogens in Class B mesophilic, anaerobically digested biosolids. Th e databases presented here not only allow for a reevaluation of pathogen risks, but also document the variability of treatment for pathogen removal over time.
Materials and Methods
Th e data presented in this paper are the result of two separate studies: a historic data set from one location (Tucson, AZ; 1988 ; and a national data set conducted during 2005 to 2008 across the United States.
Historic Data Set
Samples of biosolids from Pima County Ina Road Wastewater Treatment Plant were collected and analyzed during the period 1988 to 2006. Biosolids resulted from mesophilic anaerobic digestion with a solids content that in the 1980s was approximately 2%, compared with the higher solids content of the late 1990s of approximately 6 to 8%. Sampling frequency ranged from monthly to quarterly. Th e organisms assayed and the methods of analysis are outlined in Table 2 . Of particular interest are the pre-1993 data, which allow for an evaluation of the impact of the Part 503 Rule on treatment effi ciency.
National Data Set
Between 2005 and 2008 we conducted a national study on the incidence of human pathogens and indicators of pathogens in anaerobically digested mesophilic biosolids (Class B) produced within wastewater treatment facilities across the United States. Treatment plants generally served metropolitan areas, most of which had populations >0.5 million and were located in Arizona (two locations), California (fi ve locations), Florida (one location), Michigan (one location), Minnesota (two locations), Nevada (one location), Oregon (one location), Washington (one location), Wisconsin (three locations), and Wyoming (one location). Most samples were "cake" (~20% solids), with some samples being a slurry (~8% solids). All samples were immediately shipped overnight on ice to the University of Arizona, where they were analyzed within 24 h.
Th e organisms assayed and the methods of analysis are shown in Table 3 . Many of the pathogens assayed were known to exist before the Part 503 Rule and data on their incidence before 1993 are available. Other pathogens, such as Escherichia coli O157:H7, have emerged after the Part 503 Rule was promulgated.
Maximum likelihood methods were used to fi t lognormal distributions to the data. Th e likelihood function of the data is given by Eq. [1]:
where Y i denotes the organism concentration, and μ and σ 2 are the national mean and variance. Th e probability density distribution function of a normal distribution is denoted by f(logY i |μ,σ) and the cumulative density function of a normal distribution evaluated at the censoring point of DL by
. d i is an indicator variable that is 0 for censored observations and 1 for measured observations.
Results and Discussion
Th e historic distributions are shown in Table 4 , which illustrates the concentration of enteric organisms within raw sewage and treated biosolids obtained at the Pima County 
‡ The diff erence between the two time periods was tested using a t-test statistic: the associated two-tailed signifi cance is shown (p) with degrees of freedom (df ) and t-test values (t). § Equal variances not assumed (tested with Levine's test for variance).
to 10 7 per gram dry weight in sewage and were reduced by one order of magnitude following treatment. Fecal streptococci are of interest because they are utilized as indicators of water quality in recreational surface waters (Bartram and Rees, 2000) . Table 4 also gives historic data on the incidence of bacterial pathogens (Salmonella 1994 (Salmonella -2006 and enteric viral pathogens (1988-1993 and 1994-2006) . Th ese pathogens are important because they are used as part of the criteria for Class A vs. Class B biosolids. Salmonella numbers were reduced by two orders of magnitude by anaerobic digestion compared with one order of magnitude for enteric viruses. Virus numbers, in raw sewage sludge and in treated biosolids, were not signifi cantly diff erent in samples obtained before and after 1993. However, earlier studies have reported higher numbers of enteric viruses in anaerobically digested biosolids, before the 503 regulations went into eff ect. For example, Ward et al. (1984) gave a range of 0.2 to 210 enteric viruses per gram. Th e wide range is probably refl ects the lack of standard treatment processes at the time.
Removal of the study organisms obtained during anaerobic mesophilic digestion are shown in Table 5 . Overall, the percent reduction of both pathogens and indicator organisms averaged over all years (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) was between 94 and 99%. Th e increase in indicator reductions following treatment (Table 4) is also refl ected in the higher percent reductions seen in 1994 to 2006 as compared with 1988 to 1993. Table 6 shows more recent data collected between 2005 and 2008 on the national occurrence of indicator organisms and pathogens in mesophilic anaerobically digested biosolids. Analyses for most organisms refl ect data collected from 21 samples from 18 wastewater treatment plants from around the United States. Th us, these data refl ect pathogen and indicator organism incidence distributions from across the nation.
Th e high numbers of heterotrophic bacteria found within all biosolids are due to the presence of large amounts of biodegradable organic matter in biosolids. Arithmetic means of fecal and total coliforms across the United States in the [2005] [2006] [2007] [2008] period are similar to the values found between 1988 and 1993 in Tucson, but one order of magnitude greater than corresponding values between 1994 and 2006. Interestingly, fecal streptococci values from the historic data set at one location are much higher than the more recently collected national data set. Clostridium perfringens have also been considered as an indicator of fecal contamination (Bisson and Cabelli, 1980) . Mean Clostridium numbers within the national data set averaged ~10 7 per gram. Bacteriophage are often considered to be suitable indicators of enteric viruses, and generally adsorb onto solids and concentrate in the biosolids (Chetochine et al., 2006; Sidhu and Toze, 2009 ). Somatic coliphage have been reported to be the most abundant in wastewater sludge followed by Viral pathogen numbers are also low in the national data set, with enteric viruses averaging 0.19 per 4 g. Th is value is much lower than corresponding values reported in the 1980s (Ward et al., 1984) . Methods used for the detection of enteric viruses largely select for the enteroviruses, and overall enteroviruses and adenoviruses appear to be the most common viruses found in wastewater, along with perhaps norovirus. Th ere are currently believed to be >100 types of enteroviruses (Yamashita et al., 2010) and at least 52 types of adenoviruses (Mena and Gerba, 2009 ). However, adenoviruses are generally reported to occur in higher numbers in wastewater than enteroviruses (Mena and Gerba, 2009) . Although only a limited number of samples could be tested for adenoviruses, they were found in greater numbers in the treated biosolids than the method currently used for enteric viruses, probably because the method largely selects for the isolation of enteroviruses. Th ese data are among the fi rst to be reported in the United States on viable adenoviruses in biosolids, and show that adenovirus numbers are in fact higher than enteric viral numbers in biosolids. However, more data are needed on the incidence of adenovirus in treated biosolids. Finally note that no viable Ascaris ova were detected in any biosolid samples collected anywhere in the country. While Ascaris infections still occur in the United States, the incidence of infections is so low that they are not typically detected in the 4-g dry-solid amount of biosolid that is required for analysis.
Th e Spearman (nonparametric) correlation coeffi cients (Table 7) indicate that, in general, pathogen occurrence is not well correlated with indicator organism occurrence. Neither of the process variables, retention time and percent solids, were correlated with microbial quality, except for a modest negative correlation between retention time and Clostridium (r = −0.49, p = 0.027). Th e only signifi cant correlation of a pathogen and indicator was between Shigella and total coliforms, and this was only a moderate correlation (r = 0.48) that was only modestly signifi cant (p = 0.026). Th e closest correlations are among similar indicators (total and fecal coliforms: r = 0.74; F+ and somatic coliphage: r = 0.71). Th ese data indicate the need for better indicators of pathogens within biosolids or direct detection of pathogens themselves.
Conclusions
Th is study suggests that pathogen levels of enteric viruses, Salmonella, and Ascaris ova in mesophilic anaerobically digested Class B biosolids are fairly low in the United States, and oftentimes meet Class A requirements. No viable Ascaris ova were detected, indicating Class A performance. However, this is more likely a refl ection of the low incidence of infection in the population in the United States at the current time. Emerging pathogens such as Campylobacter and E. coli 0157:H7 were never detected, and Shigella was only detected occasionally. In contrast, adenoviruses may be more commonly present in greater numbers than enteroviruses, suggesting that additional data on adenovirus may be useful in future risk assessments. # The MLE method used for arithmetic mean, geometric mean, and standard deviation because some values are below detection limit. 
